is at or near saturation by limiting the available water holding capacity to the thickness of the soil 8 above this restrictive layer. Other soils with smectitic mineralogy and the presence of argillic 9 horizons or fragipans that also serve as restrictive layers will have similar hydrology to that of 10 claypan soils (Smith et al., 1974) , including an additional 17 million ha throughout the Midwest 11 within the following MLRAs: 106 (Nebraska and Kansas Loess-Drift Hills), 109 (Iowa and  12 Missouri Heavy Till Plain), 112 (Cherokee Prairies), and 114 (Southern Illinois and Indiana Thin 13
Loess and Till Plain, Western Part). 14 In addition to the high vulnerability to atrazine transport, claypan soils are also highly erosive 15 (USDA-NRCS, 2000; Figure 2 ), and considerable emphasis has been placed on implementing 16 practices that reduce soil erosion. Over the last 25 years, farmers increasingly have turned to 17 reduced tillage systems and broadcast application of atrazine without incorporation. Because of 18 the claypan and the limited water storage above it, reduced tillage and no-till systems do not 19 significantly reduce surface runoff volume (Ghidey and Alberts, 1998; Ghidey et al., 2005) , but 20 they are effective at reducing soil erosion. A major challenge for claypan soils is the 21 development of cropping systems that concurrently facilitate incorporation of herbicides to 22 reduce their transport in surface runoff, while maintaining sufficient crop residue cover to control 23
Plot Preparation 1
Preliminary preparation of the main plots included a burndown to control weeds and disc 2 harrow tillage on the RH and MT treatments. Because wet field conditions prevented 3 establishment of the plots earlier in the season, significant weed growth was present on the plots 4 at the time of establishment, with Giant Ragweed (Ambrosia trifida) the most common weed 5 present. All three tillage plots were sprayed on June 2, 2011 with the commercial formulation of 6 glyphosate at 1.55 kg ha -1 (1.38 lb acre -1 )to achieve an initial burndown of the weeds. The next 7 day, the RH and MT plots were tilled with a disc harrow to about 10 cm depth in an effort to 8 better represent the expected residue cover from a conventionally managed corn-soybean 9 rotation in this region. The location of the two sets of runoff sub-plots were then established 10 within each of the main plots, the corners of the 6 m X 6 m (20 ft x 20 ft) areas marked with 11 flagging, and the locations recorded with a hand-held Global Positioning System unit (Juno ST, 12
Trimble Navigation Ltd., Sunnyvale, CA) and Trac-Mate software (Farm Works Software, 13 Version 12.16, CTN Data Services, Inc., Hamilton, IN) for future locating of the sub-plots. Sub-14 plots were established on areas with minimal side slope (<0.5%) and an average hillslope of 15 2.3% (range of 1.7 to 2.9%). 16 The following sequence was used to prepare the main plots and the sub-plots for runoff 17 collection (Table 2 ): 1) sub-plots were wetted to saturation, indicated by surface ponding, with a 18 rotating boom rainfall simulator two days before runoff collection; 2) the sub-plot area was 19 sprayed with atrazine one day before runoff collection; 3) main plots were tilled (for RH and MT 20 treatments); 4) steel borders, gutters, and runoff collectors installed on the sub-plots; and 5) 21 rainfall simulation to collect runoff within 24 to 28 hours of atrazine application. Atrazine 22 (Aatrex 4L) was applied to the sub-plots with a backpack sprayer, calibrated before each use, at a 23 rate of 2.2 kg (a.i.) ha -1 (2 lb acre -1 ). Almost immediately after the sub-plots were sprayed, the 1 entire main plots for the RH and MT treatments were tilled to incorporate the atrazine. The RH 2 main plot was tilled twice to a depth of about 5 cm (2 in), and the MT main plot was tilled twice 3 to about 10 cm (4 in) depth. The MT and RH treatments were tilled twice to improve soil tilth 4 and achieve greater uniformity in the distribution of the crop residue. 5
Once the sub-plots were sprayed and the main plots tilled, the runoff sub-plots were then 6 prepared for the rainfall simulations. Steel borders (0.25 m wide X 3 m long X 0.6 cm thick; 0.82 7 ft X 9.8 ft X 0.24 in) were installed on the sides and at the upper end of the plots to a depth of 8 about 15 cm (6 in) ( Figure 4A ) to prevent run-on to the plots and to contain the runoff generated 9 within the sub-plots. A steel diversion wall was installed at the lower end of the plots to a depth 10 of about 25 cm (10 in) and a steel gutter was then attached to the lip of the diversion wall to 11 capture the runoff. Bentonite was placed at the interface between the soil and the diversion wall 12 to prevent by-pass flow under the gutter. Attached to the gutter was a 5 cm (2 in) PVC pipe that 13 diverted the runoff water for collection into 15-L (4 gal) HDPE plastic buckets located in 14 excavated pits immediately below each sub-plot ( Figure 4B) 
Rainfall Simulations and Runoff Collection 18
Runoff was generated using the rainfall simulator, HMWRS-001, designed by Waterborne 19 Environmental, Inc. The HMWRS-001 is a mobile self-supported rainfall simulator designed to 20 simulate rainfall at a constant rate of approximately 30 mm hr -1 (1.2 in hr -1 ) using the 21 MINIWOBI#5 wobbler nozzle design (Senninger Irrigation Inc., Clermont, FL) to achieve an 22 overall Christiansen's Coefficient of Uniformity of 0.94. This self-supported design eliminated 23 the interferences caused by riser pipes or supply laterals on the sub-plot area and allowed for 1 rapid movement of the equipment across the study site with minimal setup requirements. The 2 simulator was constructed of aluminum square tubing welded into a superstructure large enough 3 to span one set of replicate sub-plots (Figure 3) , and served to support the elevated water 4 distribution network and wobbler nozzle assemblies. The grid of wobbler nozzles allowed for 5 repeatable simulations of rainfall droplet distributions and patterns and borrowed from nozzle 6 technology originally designed to retrofit center pivot irrigation rigs at low pressure. The grid of 7 24 wobbler nozzles consisted of six rows of four nozzles arranged on a 1.9 m (6.2 ft) grid with a 8 50% offset. An additional group consisting of four independent nozzles, of the same 9 specification, each mounted on clamped arms were located upwind and used to counter higher 10 wind effects, when necessary. The nozzle specification and arrangement produced random 11 patterns of larger droplet sizes at low pressure (579 Pa; 0.006 bars). 12 A total of six simulations were required to complete the runoff portion of the study (Figure  13 3). The simulated events were conducted for 90 minutes following the initiation of runoff; total 14 event times ranged from 111 to 165 min. This combination of rainfall intensity and duration falls 15 within the frequency range of 1 in every 5 to 10 years (Hershfield, 1961). The actual rainfall rate 16 was verified by placing four calibrated rain gauges under the simulator, but outside of the sub-17 plot areas, such that every sub-plot had two rain gauges adjacent to them, providing a total of 18 eight measurements per tillage treatment (Table 3) . Wind barriers made of plastic mesh were 19 used to minimize the influence of wind on the simulated rainfall events. All of the runoff 20 generated from each sub-plot was captured into 15-L (4-gal) buckets. Instantaneous discharge 21 was determined by the time required to fill the 15-L (4-gal) bucket. The runoff from each bucket 22
was then placed in a 442-L (117-gal) cylindrical HDPE barrel to determine the total runoff 23 volume generated from each sub-plot which was computed based on the measured height of the 1 water combined with the known radius of the barrel. 2
Once runoff was observed from a sub-plot, the time to initiation of runoff was recorded, and 3 runoff from the simulated rainfall events was collected using a time-based sampling regime. 4
Samples were collected from each sub-plot at 1, 5, 10, 15, 20, 30, 50, 70 , and 90 minutes after 5 the initiation of runoff. An aliquot was manually collected from the mouth of the PVC collection 6 pipe into a pre-labeled wide-mouth amber 500 mL (16.9 oz) glass bottle. At the conclusion of the 7 event, the height of the water in the large barrels was measured, and the contents stirred with a 8 standard wooden canoe paddle to obtain a composite water sample for the event. A source water 9 sample was collected from the irrigation system for each of the six simulation runs by placing a 10 pre-labeled wide-mouth amber 500 mL (16.9 oz) glass bottle with a funnel in the mouth under 11 the simulator, but outside of the sub-plots, to collect the irrigation water over the course of the 12 runoff event. concentrations were an average of 24% lower than the LC-MS-MS concentrations. Given the 18 lack of statistical difference between the methods, the ELISA data are reported here and were 19 used for computation of atrazine loads; thus, providing a conservative estimate of atrazine losses 20 from the plots. By combining the TSS and atrazine concentration data with the discharge data, 21 the total loads of sediment and atrazine transported from each treatment sub-plot were computed. 22
Agronomic Practices and Agronomic Data Collection 23
Following the rainfall simulations, the excavated pits were filled in and the main plots were 1 prepared for corn planting. On June 15, 2011, all Table 2 ). The following day, 4 corn was planted on all three main plots with Dekalb 62-54 hybrid at a planting rate of 79,000 5 kernels ha -1 (32,000 kernels acre -1 ) and a row spacing of 76 cm (30 in). Corn was harvested on 6
November 1, 2011 with a Kincaid LG-3101 corn plot combine (Kincaid Equipment 7
Manufacturing, Haven, KS) equipped with a balance and electrical conductivity detector for on-8 the-go determination of grain mass and moisture content. Eight sets of two rows each were 9 harvested from each of the tillage treatments. Grain yields were corrected for moisture content 10 and reported on a dry weight basis. 11
Digital images were acquired for residue cover and weed control using the procedures 12 described by Donald (2006) to achieve uniform light intensity in the field. Twelve images per 13 treatment were taken for residue cover on June 14, 2011, and an additional eight images per 14 treatment were taken for weed control and residue cover on July 7, 2011. Images were taken 15 randomly throughout the main plots and care was taken to avoid obviously disturbed areas, such 16 as the runoff sub-plots and main plot edges. Images were acquired with a Sony Cyber-Shot DSC-17 H55 camera (Sony Electronics, Inc., New York, NY) at 14 MP resolution and encompassed an 18 average area of 2.6 m 2 (28 ft 2 ). The images were analyzed for the fraction of the area covered by 19 crop residue or weeds using Sigma Scan Pro Version 5.0.0 (SPSS, Inc., Chicago, IL) imaging 20 software. 21
Statistical Analyses 22
All data sets used for statistical analysis were tested for normality using the Kolmogorov-1 Smirnov test for continuous variables (α = 0.10). If the data were normally distributed, then 2 treatment differences were determined by a one-way analysis of variance (ANOVA) (α = 0.05), 3
and an F protected least significant difference value was calculated at a significance level of p = 4 0.05 (F-LSD 0.05 ) for pair-wise comparisons of treatment means. If the data were not normally 5 distributed, then the Kruskal-Wallis test (H-test) was used to determine treatment differences, 6 and a critical difference value was calculated at a significance level of p = 0.05 (CD 0.05 ) for pair-7 wise comparisons of treatment means (Chan and Walmsley, 1997). 8
Results and Discussion 9

Hydrologic Data 10
The rainfall simulator performed according to calibration and design specifications, 11 providing consistent rainfall rates over the course of the study (Table 3 ). There were no 12 significant differences between the tillage treatments in rainfall rate, with mean rates ranging 13 from 25 to 29 mm hr -1 , and the overall mean of 27 mm hr -1 was within 10% of the targeted 14 intensity of 30 mm hr -1 . Windy conditions during the RH and NT simulations (19 and 17 km h -1 15 wind speed, respectively; 12 and 11 mi hr -1 , respectively) slightly decreased their rainfall rates 16 compared to the MT simulations (7 km h -1 wind speed; 4.4 mi hr -1 ). 17
The primary hydrologic effects of the tillage treatments were observed for the time to runoff 18 initiation and the rainfall normalized runoff volumes. The NT treatment had a significantly lower 19 average time to runoff initiation than the two tilled treatments resulting in shorter duration 20 simulations and significantly lower total rainfall applied ( Table 3 ). The NT treatment also 21 showed low variability with respect to runoff initiation time, with a range of 21.0 to 30.4 22 minutes, while the two tilled treatments showed times that ranged about two-fold (Table 3 and 23 Figure 5 ). This suggested that the antecedent soil moisture was more consistent within the NT 1 sub-plots than the tilled sub-plots. In addition, tillage results in greater surface roughness leading 2 to temporary increases in porosity, infiltration, and percolation (Steichen, 1984 Table 3 were determined by measuring the height of the water in the 9 HDPE barrels. To verify this data, the total runoff volume was also estimated by the area under 10 the hydrographs ( Figure 5 ). The two methods were not significantly different based on a t-test in 11 which data from all the sub-plots were pooled (two-tail p = 0.817), and the area method resulted 12 in estimates that were an average of only 1.3% lower than the barrel measurements. It has been 13 well documented that runoff volume is not significantly reduced for claypan soils under no-till 14 with the non-significant differences in runoff volume between treatments led to significantly 21 greater rainfall normalized runoff volume for the NT treatment ( Figure 5 represent the 5 two plots closest to the average total runoff volume for each treatment (Table 3 ). A single 6 average hydrograph could not be produced for each treatment as the measurements of 7 instantaneous discharge occurred at different times through the event for each sub-plot. These 8 hydrographs demonstrate that the approach for measuring instantaneous discharge resulted in 9 acceptably low variation (Table 3 ) and provided a sufficient number of observations (15 to 27 10 per plot) through the course of the event. Steady state discharge (i.e., plateau portion of the 11 hydrographs) was in the range of 0.06 to 0.08 L s -1 (0.002 to 0.003 ft 3 s -1 ) for all treatments. The 12 NT treatment reached steady state discharge sooner than the tilled treatments, typically within 13 about 1500 s (25 min) of runoff initiation. However, some plots, such as the RH sub-plot 5 and 14 the MT sub-plot 3 appear to never reach steady state, with generally increasing discharge 15 throughout the event. Overall, the hydrologic effects of the treatments were closely related to 16 their impact on surface roughness and infiltration rate. For the NT treatment, the lack of 17 roughness compared to the freshly tilled treatments resulted in faster initiation of runoff, greater 18 rainfall normalized runoff volumes, and shorter time to steady state discharge. Ghidey et al. showed that MT had a significantly higher mean rank than the NT and RH treatments, but the 6 RH treatment was not significantly greater in mean rank than the NT treatment ( Figure 6B ). The 7 TSS loads showed a similar trend to that of the concentrations. Average TSS loads for MT were 8 2.3 and 3.7 times greater than that of the RH and NT treatments, respectively ( Figure 7A ). The 9
MT treatment was significantly greater in absolute ( Figure 7A ) and rainfall normalized TSS 10 loads ( Figure 7B NT and RH were not significantly different, but NT concentrations were still significantly greater 6 than MT. At 90 min, there were no treatment differences in atrazine concentration (p = 0.117). 7
The RH concentrations were significantly greater than the MT through the first 50 min of the 8 event, with the exception of the concentrations at 5 min, and there were no treatment differences 9 at 70 and 90 min. 10 The range of atrazine concentrations and the general tillage effects on atrazine concentration 11 in runoff reported here were within the range of other field and plot studies for the first runoff , 2011b) . Furthermore, the experimental design used in this study 1 was expected to result in high atrazine concentrations given that the sub-plots were saturated 2 2 days before the simulated runoff events and atrazine was applied within 24-28 hours of the 3 events. 4
Treatment differences in atrazine loads showed that NT resulted in significantly increased 5 atrazine loads compared to the two tilled treatments (Figure 10 ). Average relative loads from the 6 NT treatment (22.2%) were 2.1 times greater than the RH (10.6%) and 3.5 times greater than the 7 MT (6.4%) treatments ( Figure 10A ). The RH treatment was not significantly different from the 8 MT treatment in relative loads. Statistical differences among treatments for the rainfall 9 normalized loads showed the same pattern as the relative loads, with NT resulting in 9.4 mg of 10 atrazine transported for every millimeter of rainfall compared to 3. Wauchope (1978) with single 2 event losses of atrazine up to 17% of applied. Clearly, the experimental design employed for this 3 study was intended to, and successfully did, create catastrophic runoff events. 4
Agronomic Data 5
The residue cover data showed the anticipated tillage effects, with NT having the highest 6 cover (48.1%) and MT the lowest (12.2%) ( Table 4) . Although the RH treatment had 7 significantly greater residue cover than MT, the residue cover of the tilled treatments was more 8 similar to each other and substantially lower than the NT treatment. However, the TSS 9 concentration and load data were inversely related to residue cover ( Figures 6 and 7) , indicating 10 that the relatively small but significant difference in residue cover of the RH treatment was 11 sufficient to significantly reduce erosion compared to the MT treatment. As previously 12 mentioned, the two tillage treatments were also tilled with a disc harrow 5-7 days before the 13 runoff simulations. This additional tillage clearly had a major impact on decreasing the residue 14 cover of the tilled treatments, but it more accurately reflected the cover that would be expected if 15 the plot area had been conventionally managed prior to this study. 16 Weed control on the plots was measured approximately three weeks after spraying with 17
Bicep and about 5 weeks after spraying with glyphosate. Weed cover was nearly non-existent in 18 the two tilled treatments, and covered only 1.03% of the NT treatment (Table 4) . Despite the 19 overall low weed growth, the NT treatment had significantly greater weed cover than the tilled 20 treatments. The main difference in weed control was that the tilled treatments effectively 21 removed the Giant Ragweed, which infested the entire study area. However, in the NT treatment, 22 herbicides alone were incapable of eliminating the Giant Ragweed as the spraying occurred too 1 late in the season for effective control. 2
Corn grain yields showed that the two tilled treatments had significantly greater yield than 3 the NT treatment (Table 4) . Very dry conditions during the growing season led to the expectation 4 that the NT grain production would be greater than the tilled treatments because greater residue 5 cover should lead to improved soil moisture conservation. Rainfall for the growing season period 6 (June-October) was the lowest in the last 10 years; only 254 mm (10 in) of rainfall occurred in 7 2011 compared to the average of 551 mm (22 in) from 2000 to 2010. However, the NT treatment 8 had significantly more weed growth, apparently resulting in enough competition for water that 9 yields were substantially lower compared to the tilled treatments. The agronomic data showed 10 that the RH treatment was overall a viable cropping system from an agronomic and economic 11 standpoint. It resulted in comparable grain yields and weed cover to the MT treatment, greater 12 residue cover than MT, and greater yields than NT. 13 The agronomic data demonstrated the utility of the RH treatment for profitable crop 19 production by attaining comparable or better weed control and grain yields to that of the MT and 20 NT treatments. The profitability and practicality of a cropping system employing a rotary harrow 21 must be comparable to or better than existing options or farmers will not adopt the practice. 22
Advantages of Rotary Harrows for Claypan and Restrictive Layer Soils
Practical considerations also support the use of rotary harrows as a BMP for restrictive layer 23 soils, including its relatively low cost, low tractor power requirements, high working capacity, 1 and the potential for a one-pass tillage and herbicide spraying system. Rotary harrows could 2 readily replace the disc harrows or field cultivators commonly used for seedbed preparation in 3 corn production systems within the Central Claypan Areas. Because of the conflict between 4 environmental and economic goals, widespread BMP adoption requires a compromise between 5 effective pollution control options and practical management considerations (Ice, 2004 ). In the 6 case of claypan soils, the environmental goals are also conflicting, and the data presented here 7 strongly supports the fact that the RH treatment achieves the needed compromise between the 8 two environmental goals and between the environmental and economic goals. reducing soil and herbicide transport in runoff has the potential to greatly improve the region's 17 two most persistent water quality problems, improve the sustainability of crop production, and 18 increase or maintain farmer profitability. 19
Summary and Conclusions 20
The three tillage treatments showed significant impacts on erosion and atrazine transport, but 21 only minor effects on runoff hydrology. The lack of a treatment effect on discharge and total 22 runoff volume was consistent with the effects of claypan hydrology, in which limited water 23 holding capacity of the soil above the claypan controlled the discharge and runoff volumes. The 1 RH treatment had an intermediate effect on erosion and atrazine transport compared to the MT 2 and NT treatments. With respect to erosion, the RH treatment was not significantly different 3 from the NT treatment, but it was significantly lower than the MT treatment. Differences in 4 erosion among the treatments were attributed to the depth of soil disturbance and residue cover. 5
For atrazine transport in runoff, the RH treatment was not significantly different from the MT 6 treatment, but it significantly reduced atrazine concentrations and loads compared to the NT 7 treatment. Treatment differences in atrazine loss were mainly a function of the depth of 8 incorporation, indicating that the tilled treatments reduced atrazine transport by incorporating 9 much of the applied atrazine beyond the runoff mixing zone. Agronomic data showed that the 10 RH treatment was capable of achieving comparable or greater grain yields and weed control to 11 that of the MT and NT treatments. 12
Of the three tillage treatments evaluated in this study, RH was the only one that successfully 13 managed the trade-off between sediment and atrazine transport in surface runoff for a claypan 14 soil. The rotary harrow allows for simultaneous management of the Central Claypan Area's two 15 most persistent water quality problems -contamination of streams by sediment and atrazine. 16 Currently, conservation policies emphasize management for soil erosion at the expense of stream 17 water contamination by atrazine and other soil-applied herbicides (Lerch et al., 2011a and b) . 18 The seasonally high atrazine concentrations potentially impact human and ecosystem health, 19 necessitate more expensive water treatment, and now require atrazine registrants to enact 20 practices that will reduce atrazine transport in claypan soil watersheds. Thus, there is a 21 compelling need to provide farmers with a management option that can concurrently deal with 22 both water quality problems rather than continuing to manage for one problem at the expense of 23 another. The RH treatment achieved this environmental management goal while still maintaining 1 crop productivity. Rotary harrows are also a practical implement that could easily be integrated 2 with existing farming practices in the region. Although additional studies at other sites need to be 3 conducted to determine the efficacy of rotary harrows under a broader range of conditions, the 4 data presented here strongly supports the conclusion that rotary harrows can be used as a BMP 5 for claypan and restrictive layer soils. 6
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